Background: The beneficial effects of selenium (Se) to human health are exerted by 26
INTRODUCTION 70
The regular intake of nuts has been proposed to decrease risk for chronic diseases 71 such as cancer, cardiovascular disease and type 2 diabetes [1] [2] [3] [4] 
. Brazil nuts (Bertholletia 72
excelsa, family Lecythidaceae) are known to be the richest source of selenium (Se), an 73 essential micronutrient for human health. The main form of Se in Brazil nuts are 74 selenomethionine 5 . Se is incorporated as the amino acid selenocysteine (Sec) during 75 translation into 25 selenoproteins encoded by the human genome, many of which show 76 a wide range of functions, including antioxidant defense, redox function, thyroid 77 hormone metabolism, immune function, reproduction and fertility 6, 7 . 78
Low Se status has been associated with increased risk for several diseases, such 79 as cancer, cardiovascular disease, viral infections, male infertility and inflammatory 80 disorders 7 . Potentially, genetic variations could modulate this risk by affecting 81 responses to Se intake 8 . Several studies have demonstrated that polymorphisms in 82 genes encoding selenoproteins have functional consequences 9 . For instance, the 83 rs1050450 (Pro198Leu) in GPX1 (Glutathione Peroxidase 1) gene was associated with 84 lower erythrocyte GPx1 activity 10, 11 and lower plasma Se in humans 12 . Although the 85 regulation of selenoproteins expression is mainly during translation, the mRNA 86 expression of selenoproteins, such as SELENOF (Selenoprotein 15), SELENOK and 87 SEPHS1 can be altered by Se status, as shown previously 13 . Nevertheless, human 88 studies have failed to demonstrate an association between Se status and selenoprotein 89 transcripts [14] [15] [16] . Only three studies have observed a positive association between Se 90 supplementation and increased selenoprotein expression in humans (SELENOF, 91 SELENOK, GPX1 and SELENOP) 13, 17, 18 . 92
Glutathione peroxidase 1 (GPx1) activity is sensitive to alterations in Se status in 93 individuals with low to moderate intake 19 . The GPX1 gene contains a single nucleotide 94 polymorphism (SNP) in the coding region, which causes a Proline to Leucine amino 95 acid change at position 198 (rs1050450) 20 . This variation has been associated with 96 increased risk for lung, breast, prostate and bladder cancers 11, [21] [22] [23] and has been found 97 to modulate the response to Se supplementation in healthy subjects 12, 24 . Carriers of the 98 minor allele T had lower plasma Se at baseline and after one year of supplementation 99 with selenomethionine they had increased urinary Se excretion 12, 24 . Glutathione 100 peroxidase 4 (GPx4) is the only GPx that can reduce phospholipid hydroperoxides in 101 cell membranes 25 . There is a C>T substitution located in the 3'UTR of the GPX4 gene 102 (rs713041) and this variant affects Se incorporation in cell culture models 26 and the 103 response to Se supplementation in healthy adults 27 . It was demonstrated that subjects 104 with the TT genotype had lower GPx3 activity after 6 weeks of supplementation with 105 sodium selenite and lower GPx4 activity during the washout period. Also, females with 106 the TT genotype had lower GPx1 and TR1 concentration during the supplementation 107 and the washout period 27 . 108
Selenoprotein P (SELENOP) is the major component of blood Se and the key Se 109 transporter in the body 28 . Two SNPs with functional consequences are present in this 110 gene; one G>A substitution in the coding region causes an amino acid substitution 111
Alanine to Threonine at position 234 of the protein (rs3877899), and the other G>A 112 substitution is located in the 3'UTR, important for Sec insertion (rs7579). Both SNPs 113 modulate the response to Se supplementation in healthy adults 8 . It was demonstrated 114 that carriers of the minor allele A for both SNPs had higher SePP concentrations after 115 supplementation. Also, males with the AA genotype for rs7579 had lower GPx3 activity 116 after supplementation and during the washout period compared with males with the GG 117 genotype 8 . Selenoprotein S (SELENOS) is an endoplasmic reticulum (ER) 118 selenoprotein involved in protecting ER from stress caused by misfolded proteins 29 . A 119 6 C>T substitution located in the promoter region of the gene (rs34713741) has been 120 associated with increased risk for rectal cancer 30 . Selenoprotein 15 (SELENOF) is 121 another selenoprotein involved in maintaining ER integrity 31 . A SNP in the 3'UTR of 122 this gene, a G>A substitution in position 1125 (rs5845), has been associated with 123 increased risk for rectal cancer 30 and lung cancer 32 . 124
Most of the studies investigating the effect of Se supplementation on biomarkers 125 of Se status were conducted using different chemical forms of selenium in different 126 concentrations 8, 12, 27, 33, 34 . The studies with Brazil nut supplementation were conducted 127 only in specific groups of the population and considered mainly three SNPS in 128 selenoproteins (rs1050450, rs3877899 and rs7579) genes with just three biomarkers 129 evaluated before and after supplementation. No study was conducted in healthy 130
Brazilians using other functional SNPs in selenoproteins, other plasma biomarkers and 131 evaluated the washout period to investigate how the biomarkers return after 132 supplementation withdraw. Therefore, this study was conducted to evaluate if the six 133 functional polymorphisms in selenoprotein genes modulate the response of biomarkers 134 of Se status, on both molecular and biochemical levels, during supplementation with 135
Brazil nuts and the washout period in healthy Brazilians. 136
137

SUBJECT AND METHODS 138
Study population and supplementation protocol 139
The present study involved 130 unrelated healthy volunteers selected at 140
University of Sao Paulo who took part of the Supplementation with Brazil Nuts study 141 (SU.BRA.NUT) described previously 35 . Subjects were excluded if they were pregnant, 142 younger than 20y and older than 60y taking multivitamins and mineral supplements, 143
anti-inflammatory drugs, with excessive alcohol consumption, athletes, with chronic 144 diseases such as cancer, diabetes, and cardiovascular disease and obese (BMI > 35). At 145 the beginning of the study (baseline), 20 mL venous blood samples were drawn and the 146 volunteers received. plastic bottles with nuts enough for four weeks. They were oriented 147 to take a daily supplement of one Brazil nut a day with a meal. At the end of four weeks 148 of supplementation, they returned and received another plastic bottle with nuts for the 149 last four weeks. At the end of four (4-week-intervention) and eight weeks (8-week 150 intervention) of supplementation, another 20 mL blood sample was taken, and then two 151 more blood samples were taken after a further four (4-week washout) and eight weeks 152 without intervention (8- 
Composition and Se content of Brazil nuts 160
The Se content of a random sample of Brazil nuts representative of the four 161 batches used in the study was analyzed using hydride generation flame atomic 162 absorption spectrometry as described previously 36 and the centesimal composition was 163 done as proposed by the Association of Official Analytical Chemists 37 . 164
165
Sample collection 166
Fasting blood samples (20 mL) were drawn by venipuncture into four 5 mL 167
EDTA tubes for quantification of the five biomarkers of Se status. An aliquot of 1.5 mL 168 of whole blood from one EDTA tube was stored into 1,5mL sterile plastic tubes used 169 for DNA extraction and subsequent genotyping, and an aliquot of 500 µL of whole 170 blood from the same EDTA tube was stored into 1,5mL sterile plastic tubes used for 171 RNA extraction and subsequent gene expression. Another 5mL of blood were collected 172 in a tube without anticoagulant to obtain serum for determination of the lipid profile 173 which was described previously 35 . The total volume of blood samples collected was 174 25mL. Plasma was separated by centrifugation at 3,000 rpm for 15 min at 4 °C. The 175 erythrocyte pellet was washed three times with 5 mL sterile 9 g/L NaCl solution, slowly 176 mixed by inversion, and centrifuged at 10,000 rpm for 10 min (Eppendorf, C5408) at 4 177 °C, and the supernatant fluid was discarded. Aliquots of whole blood, plasma and 178 erythrocytes were frozen at -80 °C in sterile, demineralized tubes until the analyses 179 were performed. 180 
Biomarkers of Se status
Characteristics of the volunteers and nut composition 267
The characteristics of the volunteers are summarized in Table 1 Table S1 . Four different batches were used during the 273 supplementation. The mean ± standard deviation for Se content of these four batches 274 was 100.4 ± 5.3 µg/g. The average weight of the nuts ranged from 3g to 4g, therefore 275 each nut provided from 300 µg of Se to 400 µg of Se, which is approximately six times 276 higher than the RDA (Recommended Dietary Allowances) for adults (55µg/d). 277 278
Effect of Brazil nut supplementation on five biomarkers of Se status 279
The concentrations of the five biomarkers of Se status measured during nut 280 supplementation and washout period are shown in Table 2 . GPx1 activity decreased 281 significantly after 4 weeks of supplementation, increased by 8 weeks of 282 supplementation (P < 0.001) and remained high during the first 4 weeks of Brazil nut 283 withdrawal; it finally decreased after 8 weeks washout (P = 0.004). Erythrocyte Se 284 concentrations increased after 4 and 8 weeks intervention and decreased after 8 weeks 285 washout (P < 0.001).There was a significant increase in GPx3 activity after 4 weeks of 286 supplementation (P = 0.004). Similarly, plasma Se concentrations increased 287 significantly after 4 and 8 weeks of supplementation (P < 0.001). During the washout 288 period, there was a sharp decrease in plasma Se compared to 8 weeks of 289
Brazil nut intake (P < 0.001). The concentrations of plasma SePP were also increased 290 after the supplementation and reduced after nut withdrawal (P = 0.001). The percentage 291 of the variation for each biomarker during the supplementation and the washout period 292 is shown in Figure 1 . 293
Genotypes and haplotypes in selenoprotein genes 294
Genotype and allele frequencies of SNPs in selenoprotein genes are shown in Table 3 . Supplementary table 2 (Table S2) . 323
Erythrocyte GPx1 activity was stratified by rs1050450, as appointed in the 324 multivariate regression analysis (Figure 2) . During the intervention, GPx1 activity was 325 lower in carriers of the rare allele T (CT+TT), almost reaching statistical significance at 326 4 weeks of supplementation (P = 0.057, Figure 2a ). SePP concentrations were stratified 327 by rs7579 (Figure 2b ). At baseline, SePP concentrations were higher for carriers of the 328 rare allele A, when the interaction with gender was considered (P = 0.048). 329
The percentage of variation on the concentrations of biomarkers of Se status is 330 shown in Table 5 . The difference in GPx1 activity comparing baseline and 8 weeks of 331 supplementation (Change1_GPx1) was associated with rs7579 in SELENOP (P = 0.044) 332 and with rs5845 (P < 0.001), in which the presence of the rare allele increased this 333 difference, meaning that the values were higher for carriers of the rare allele A after 8 334 weeks of supplementation. The difference in Erythrocyte Se concentrations during the 335 supplementation (Change1_ Erythrocyte Se) was associated with rs34713741 in 336 SELENOS (P = 0.010), in which the presence of the rare allele T also increased this 337 difference. BMI and gender had a negative effect on the variation in Erythrocyte Se, in 338 which individuals with higher BMI and females had higher values at baseline. The 339 change in GPx3 activity in response to the supplementation (Change1_ GPx3 activity) 340 was negatively associated with rs5845 in SELENOF (P = 0.014), in which carriers of 341 the rare allele A had higher GPx3 activity at baseline. However, interaction with BMI 342 increased the variation (P = 0.011). The only two variables affecting the variation in 343 Plasma Se were gender and BMI, both having a negative effect. The difference in GPx1 344 activity comparing 8 weeks of washout and 8 weeks of supplementation 345 (Change2_GPx1) was negatively associated with gender, in which females had higher 346 GPx1 activity after 8 weeks of supplementation. However, the interaction with 347 rs713041 had the opposite effect: females carriers of the variant allele T had higher 348 GPx1 activity at 8 weeks of washout. Finally, the difference in SePP concentrations 349 comparing 8 weeks of washout and 8 weeks of supplementation (Change2_SePP) was 350 negatively associated with rs5845 in SELENOF gene, in which carriers of the rare allele 351 A had higher SePP concentrations after supplementation (Table 5) . 352
Effect of Brazil nut supplementation on mRNA expression of selenoprotein genes 353 Gene expression of four selenoprotein genes (GPX1, SELENOP, SELENOS and 354
SELENOF) was analyzed on previously genotyped volunteers before and after 8 weeks 355
of Brazil nut supplementation. The results are shown in Figure 3 . GPX1 mRNA 356 expression increased after supplementation in individuals with the CC genotype for 357 rs1050450 (P = 0.026) while it did not change for carriers of the T allele (Figure 3a) . 358
Consequently, after Brazil nut supplementation, GPX1 mRNA expression was lower in 359 individuals with the CT and TT genotypes compared to the CC group (P < 0.05). 360 SELENOP mRNA expression was higher in carriers of the rare allele A for rs7579 361 either before or after supplementation (Figure 3b , P < 0.05), and nut supplementation 362 did not significantly changed SELENOP mRNA expression whatever the genotype 363 group. No effect of genotypes on SELENOF and SELENOS mRNA expression was 364 observed either before or after the supplementation (Figure 3c and 3d) . 365
The influence of genetic variants on the response to Se supplementation have 367 been proposed before 8, 12, 27, 34 . Our results not only confirm these earlier observations, 368 but also extend them by demonstrating that the rs5845 in SELENOF gene modulated 369 erythrocyte GPx1 activity, the variation of GPx1, GPx3 activity after supplementation 370 and the variation on SePP after nut withdraw. This study is the first to report this 371 unexpected association between rs5845 in SELENOF and Se biomarkers after 372 supplementation with Brazil nuts, the first to use SePP concentrations as a biomarker of 373 Se status in Brazilians and the first to measure all five biomarkers during the washout 374 period. Moreover, this study demonstrated that Brazil nut supplementation was effective 375 in increasing mRNA expression of GPX1 and SELENOP and that this effect was 376 modulated by functional polymorphisms on those genes. 377
It was observed a delayed response of the two erythrocyte biomarkers of Se 378 status to Brazil nut supplementation, with values increasing up to the first four weeks of 379 the washout period. This apparently slow response could be explained by erythrocytes 380 having a lifespan of 120 days so that it takes time for changes in selenoprotein synthesis 381 to appear in the mature red cell population 42, 43 . This is the first study to use plasma 382 SePP concentrations as a biomarker of Se status in healthy Brazilians. The baseline 383 plasma Se concentration of 96.7 µg/L (1.22 µmol/L) would be expected to maximize 384 plasma GPx activity, but not SePP concentration since earlier work has shown that the 385 plasma Se concentration needed to maximize GPx3 activity is about 90 µg/L 44 and to 386 maximize plasma SePP concentration it is approximately 120 µg/L 45 . As a result, the 387 studied population could be considered to have a moderate to adequate Se status which 388 was able to respond to Se supplementation with an increase in concentrations of plasma 389
Se and SePP 43, 46 . We suggest that the threshold for maximize GPx3 activity be 390
reviewed, as our work demonstrated that this population with a baseline plasma Se of 391 90µL/L had a significant increase in GPx3 activity after 4 weeks of supplementation. 392
In our study subjects with the rare allele T for rs1050450 in GPX1 gene had 393 lower GPx1 activity. This observation is consistent with previous studies 10, 11, 47, 48 . It is 394 hypothesized that the change of the amino acid Proline to Leucine alters the secondary 395 structure of the protein, which can have profound effects on its activity and stability 21 . 396
This was confirmed by in vitro studies where Se supplementation reduced enzyme 397 thermostability for the Leu-variant 49 . It was observed that the SNPs rs1050450, 398 rs3811699 and rs1800668 were in linkage disequilibrium. This linkage was also 399 observed in a Japanese study conducted with type 2 diabetic patients 10 . One possible 400 explanation for the reduced GPx1 activity is that the presence of these three genetic 401 variations affected the transcriptional process and, as a result, the final enzyme activity 402 was lower. Moreover, in our work, the Brazil nut supplementation was effective in 403 increase GPX1 mRNA expression in whole blood, only in individuals with the CC 404 genotype at rs1050450. Previous studies did not find a positive association of Se 405 supplementation and selenoprotein gene expression [14] [15] [16] , however, three studies confirm 406 our results 13, 17, 18 . Differences may be explained by the lack of the genotype analysis on 407 previous studies, maybe to observe this effect of Se supplementation on mRNA levels 408 of GPX1 is necessary to stratify by genotypes. 409
The presence of rs7579 in the SELENOP gene influenced not only SePP plasma 410 concentrations but also SELENOP mRNA expression. SePP protein concentrations were 411 higher at baseline in carriers of the variant allele A for this 3'UTR SNP. Furthermore, 412
A-carriers had higher SELENOP mRNA levels than GG at baseline and after 413 supplementation. Previous work with humans have not found an association between Se 414 supplementation and SELENOP mRNA expression in white blood cells 14, 16 . It should 415 be noted that the present work used whole blood for the mRNA expression. Only one 416 study found a positive association by showing that rs7579 influenced SELENOP mRNA 417 expression 17 . The SePP protein has two isoforms in plasma, the 50kDa and the 60kDa, 
